The cratonic part of Greenland has been a hotspot of scientific investigation since the discovery of some of the oldest crust on Earth and of significant diamond potential in the underlying lithospheric mantle, the characterization of which remains, however, incomplete. We applied a detailed petrographic and in situ analytical approach to a new suite of fresh kimberlite-borne peridotite xenoliths, recovered from the North Atlantic craton in SW Greenland, to unravel the timing and nature of mantle metasomatism, and its link to the formation of low-volume melts (e.g. kimberlites) and to geophysically detectible discontinuities. Two types of mineralogies and metasomatic styles, occurring at two depth intervals, are recognized. The first type comprises lherzolites, harzburgites and dunites, some phlogopite-bearing, which occur from $100-170 km depth. They form continuous trends towards lower mineral Mg# at increasing TiO 2 , MnO and Na 2 O and decreasing NiO contents. These systematics are ascribed to metasomatism by a hydrous silicate melt precursor to c. 150 Ma kimberlites, in the course of rifting, decompression and lithosphere thinning. This metasomatism was accompanied by progressive garnet breakdown, texturally evident by pyroxene-spinel assemblages occupying former coarse grains and compositionally evident by increasing concentrations of elements that are compatible in garnet (Y, Sc, In, heavy rare earth elements) in newly formed clinopyroxene. Concomitant sulphide saturation is indicated by depletion in Cu, Ni and Co. The residual, more silica-undersaturated and potentially more oxidizing melts percolated upwards and metasomatized the shallower lithospheric mantle, which is composed of phlogopitebearing, texturally equilibrated peridotites, including wehrlites, showing evidence for recent pyroxene-breakdown. This is the second type of lithology, which occurs at $90-110 km depth and is inferred to have highly depleted protoliths. This type is compositionally distinct from lherzolites, with olivine having higher Ca/Al, but lower Al and V contents. Whereas low Al may in part reflect lower equilibration temperatures, low V is ascribed to a combination of intrinsically more oxidizing mantle at lower pressure and oxidative metasomatism. The intense metasomatism in the shallow cratonic mantle lithosphere contrasts with the strong depletion recorded in the northwestern part of the craton, which at 590-550 Ma extended to >210 km depth, and suggests loss of $40 km of lithospheric mantle, also recorded in the progressive shallowing of magma sources during the breakup of the North Atlantic craton. The concentration of phlogopite-rich lithologies in a narrow depth interval ($90-110 km) overlaps with a negative seismic velocity gradient that is interpreted as a mid-lithospheric discontinuity beneath western Greenland. This is suggested to be a manifestation of small-volume volatile-rich magmatism, which paved the way for Mesozoic kimberlite, ultramafic lamprophyre, and carbonatite emplacement across the North Atlantic craton.
INTRODUCTION
Earth's cratons are ancient continental cores that archive information on the earliest crust and mantle dynamics, which were significantly different from those of the present day (e.g. Arndt & Nisbet, 2012; Aulbach, 2012; Santosh, 2013) . Understanding the causes of cratonic durability and identification of processes leading to their destruction is therefore of considerable scientific interest. Cratons owe their longevity to their uniquely melt-depleted lithospheric mantle keels, which provide chemical buoyancy, and high viscosity that renders them resistant to entrainment into the convecting mantle and protects them from later accretion processes at the craton margins (Griffin et al., 2009; Wang et al., 2014) . Mantle sections from the Kaapvaal craton (southern Africa), the Slave craton (Canada), and the Siberian craton have been particularly well studied, and they provide benchmark models for our understanding of cratonic lithosphere origin and evolution.
A variety of geochemical tools have been applied to mantle peridotites to decipher the origin and evolution of cratons. Because in mantle peridotites incompatible trace elements partition predominantly into garnet (when present) and clinopyroxene (cpx) (e.g. WittEickschen & O'Neill, 2005; Adam & Green, 2006) , including those that are used for age dating and fingerprinting of mantle sources (Rb-Sr, Sm-Nd, Lu-Hf), these minerals have traditionally been the focus of detailed trace element and isotopic investigations [reviewed by Pearson et al. (2003) ]. By contrast, olivine was until recently mainly characterized for its major and minor element composition, in particular using electron microprobe and secondary ion mass spectrometry (SIMS), as well as some early work using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) systems (e.g. O'Reilly et al., 1997; Eggins et al., 1998; Glaser et al., 1999; Sobolev et al., 2007 Sobolev et al., , 2009 Rehfeldt et al., 2008) . With the advent of ever more sensitive instrumentation and laser ablation devices that afford in situ measurements at very low detection limits, with high spatial resolution and limited inter-element fractionation, olivine has been 'rediscovered' as an archive of petrogenetic information on the origin and evolution of mantle lithosphere (De Hoog et al., 2010; Foley et al., 2013; Smith, 2013) . Elements that more strongly partition into garnet have shown promise in distinguishing between spinel-and garnet-bearing mantle (e.g. Mn and Sc), whereas strongly incompatible elements have large concentration ranges in olivine that co-vary with bulk-rock concentrations and are useful as petrogenetic indicators of partial melting and re-enrichment (e.g. Ti and Y) (De Hoog et al., 2010) . In addition, Ti-Ca relationships have been suggested to fingerprint silicate melts versus carbonate-silicate melts as the enriching agents , and increased Li content was proposed to indicate interaction with fluids (e.g. in subduction zones; Smith, 2013) , and continental crustal input Prelevic et al., 2013) . The partitioning of some minor and trace elements in olivine has further been known for some time to be temperature 6 pressure dependent (Witt-Eickschen & O'Neill, 2005) . Recently, Al-, Cr-and V-based thermometers were experimentally or empirically calibrated for garnet peridotites, which have little pressure dependence and rather successfully reproduce known temperatures, even for spinel peridotites (De Hoog et al., 2010; Smith, 2013; Bussweiler et al., 2017) . The analytical development has gone hand in hand with the acquisition of more complete sets of trace element partition coefficients between olivine and coexisting minerals or melts in nature and experiment (WittEickschen & O'Neill, 2005; Adam & Green, 2006) .
Here, we present petrographic and in situ major and trace element data for a suite of exceptionally fresh mantle-derived peridotite xenoliths from the Mesozoic Pyramidefjeld and Midternaes kimberlite sheets in cratonic SW Greenland, which were emplaced c. 150 myr ago Frei et al., 2008; Larsen et al., 2009) . Major and trace elements, complemented by Sr-Nd isotope data, are used to identify samples that have been modified by interaction with melts (metasomatism) during their long-term residence in the mantle lithosphere and to obtain information on enrichment processes following initial melt depletion. Given that olivine is dominant in these samples, it is imperative that the geochemical signatures contained in this mineral be exploited to obtain information on the origin and evolution of the lithospheric mantle beneath cratonic Greenland. Taken together, the data allow us to discuss links between strong modal and cryptic enrichment of the shallow lithosphere to constrain (1) the timing and nature of small-volume alkaline ultramafic melts that percolated the mantle prior to kimberlite magmatism, (2) the generation of seismically slow mantle regions at midlithospheric levels, (3) textural evidence for garnet destabilization in the context of extensive Mesozoic rifting (Tappe et al., 2007) , and (4) redox effects accompanying metasomatism as gauged by V-Sc relationships in constituent minerals.
identified so far (Bennett et al., 2007) . The GNAC consists predominantly of several tonalite-trondhjemitegranodiorite (TTG) terranes that formed mostly between 3Á0 and 2Á8 Ga, but include up to 3Á7 Ga gneisses as well as cross-cutting 3Á0-2Á6 Ga granite sheets, overlain by fragmented, mafic supracrustal belts (Rosing et al., 2001; Nutman et al., 2004; Nutman & Friend, 2009 ). The lithospheric mantle beneath this region has attracted considerable attention not least because of its diamond potential and exceptional degree of depletion (Bernstein et al., 1998 (Bernstein et al., , 2006 Bizzarro & Stevenson, 2003; Hutchison et al., 2007; Sand et al., 2009; Tappe et al., 2011b) . The GNAC was assembled during a period of Neoarchaean collisional tectonics (Griffin et al., 2004; Windley & Garde, 2009; Tappe et al., 2011b) , and the craton and its surrounding Paleoproterozoic mobile belts were intruded by deeprooted kimberlite, ultramafic lamprophyre and alkali basalt magmas that brought mantle-derived fragments (mantle xenoliths) to the surface (Bernstein et al., 1998 (Bernstein et al., , 2006 (Bernstein et al., , 2013 Bizzarro & Stevenson, 2003; Wittig et al., 2008 Wittig et al., , 2010 Sand et al., 2009; Tappe et al., 2011b) .
The GNAC is bordered in the north and south by younger gneisses that were metamorphosed during the Nagssugtoquidian and Ketilidian orogenies 1Á7-1Á9 Gyr ago, which relate to Laurentian plate assembly (Hoffman, 1989) . Several failed rifting episodes at 2Á0 Ga, 1Á4-1Á2 Ga and 0Á61-0Á55 Ga led to the emplacement of mafic dyke swarms and of volumetrically minor ultramafic alkaline magmas. This lithospheric stretching affected the underlying continental lithospheric mantle, leading to its partial destruction and replacement with asthenospheric mantle (Tappe et al., 2007 (Tappe et al., , 2012 . At 140-100 Ma, the development of rift basins and emplacement of alkaline basalts signalled the beginning of the opening of the North Atlantic Ocean, with breakup of the NAC along the Labrador Sea margins at 60-30 Ma (Tappe et al., 2007 Larsen et al., 2009) .
Forty-two peridotite xenoliths were collected from the Mesozoic Pyramidefjeld and Midternaes kimberlite dyke localities in SW Greenland, at the southwestern margin of the GNAC in 2007 (Fig. 1) . The kimberlite magmas intruded c. 150 myr ago Frei et al., 2008; Larsen et al., 2009) , with Midternaes being somewhat closer to the GNAC centre and yielding xenoliths with slightly higher equilibration temperatures and pressures relative to Pyramidefjeld, possibly reflecting a deeper cratonic root (Hutchison et al., 2007) . Out of the 42 xenoliths, the 37 freshest mantle xenoliths were chosen for the present study. The xenoliths are up to $20 cm in size and range from garnet-free dunites and harzburgites to clinopyroxeneand phlogopite-bearing peridotites, including wehrlites (Table 1) .
Prior studies have shown that the shallow mantle beneath parts of Greenland (Wiedemann Fjord, central craton, and southern and northern margins of the western GNAC) is unusually depleted in magmaphile elements owing to loss of partial melt, which is evident in high forsterite contents in olivine, low modes of primary clinopyroxene, and low contents of incompatible elements such as Al 2 O 3 , CaO, Pd and Pt (Bernstein et al., 1998 (Bernstein et al., , 2006 Wittig et al., 2010) . Unusually olivinerich spinel harzburgites from southeastern Greenland (Fig. 1, inset ) last equilibrated at 850 C and 1 GPa and have experienced polybaric extraction of about 40% broadly komatiitic partial melt in the Archaean, based on depleted 187 Os/ 188 Os (Bernstein et al., 1998; Hanghøj et al., 2001) . In contrast, lherzolites with up to 25 vol. % orthopyroxene (opx) are much less depleted and have more radiogenic Os, consistent with metasomatic refertilization (Hanghøj et al., 2001) . Mantle xenoliths from 590-550 Ma kimberlites and ultramafic lamprophyres in the Sarfartoq-Maniitsoq areas of the GNAC (Fig. 1) have been shown to lie on a pressure-temperature array consistent with a layered lithospheric mantle extending to $215 km depth; that is, well into the diamond stability field (Bizzarro & Stevenson, 2003; Sand et al., 2009) . The shallow, highly depleted lithospheric mantle layer has been constrained to lie between $90 to 115 km depth and to be underlain by a less depleted, compositionally heterogeneous layer consisting of lherzolite and wehrlite in addition to harzburgite (Sand et al., 2009) . Lithosphere formation in that area was dated to the Meso-and Neoarchaean, based on Re-Os and Pb-Pb isotope constraints, both of which also revealed Proterozoic metasomatic episodes (Hanghøj et al., 2001; Wittig et al., 2010; Tappe et al., 2011b; van Acken et al., 2017) .
SAMPLE PREPARATION, ANALYTICAL TECHNIQUES AND DATA REDUCTION
Xenoliths were cut out of the kimberlite and thick sections (100 lm) were prepared from blocks. Following petrographic investigation with a polarizing microscope, major and trace element concentrations were determined in situ by electron probe microanalysis (EPMA) and by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to extract spatially resolved information. Multiple spots per grain and multiple grains per sample (n ¼ 5 where possible) were analysed to test intra-grain and inter-grain compositional homogeneity. All work was carried out in the Mineralogy Unit of the Institute of Geosciences at Goethe-Universitä t Frankfurt.
Electron microprobe analyses
Major element analyses were obtained for all silicate minerals and spinel with a JEOL Superprobe JXA-8900 electron microprobe, at 15 kV accelerating voltage, a beam current of 20 nA and a nominal beam diameter of 1 mm. Natural and synthetic standards were measured as unknowns to check accuracy.
Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
For trace element analyses, a Thermo Finnigan Element2 ICP-MS system was linked to an M-50 HR laser system (Resonetics), which employs a low-wavelength laser Olivine and opx are noted for having very low concentrations of many large-ion lithophile and high field strength elements (e.g. Foley et al., 2013) . Because these minerals have matrices that differ significantly from the glass standard, which has consequences for the type and amount of molecular interferences that can form, different routines involving medium-and low-resolution analyses were tested using mineral separates from a San Carlos peridotite xenolith. San Carlos is known for its compositionally homogeneous minerals, which are frequently used as certified or in-house microbeam standards for elemental analysis (e.g. Seitz et al., 1999) . To improve detection limits, and given that olivine and opx in the sample suite have large grain sizes (millimetres to centimetres), a large laser spot diameter of 80 mm and a laser pulse frequency of 12 Hz with an energy of 100 mJ were used, whereas a 30 mm spot size was used in the analysis of relatively small cpx and phlogopite crystals.
Trace element data reduction and quality assurance
The LA-ICP-MS raw data were reduced using the GLITTER software , where limits of detection (LOD; 3r above background) are calculated assuming a Gaussian distribution, which can yield very low LOD when very few counts are detected in the background. We therefore also provide limits of quantification (LOQ; 10r above background) as a measure of the lowest concentrations that can be reliably quantified. A comparison of recommended values for BIR-1 with those obtained here shows agreement within 15% for most elements, exceptions being Li, Zn, Mo and Pb (þ20-30%) and Ta (þ70%) . A large number of trace elements were measured in both low-and mediumresolution mode. The tests showed that for San Carlos olivine, Ca, Sc and Ga were systematically significantly higher when measured in low-resolution mode, whereas for V, Cr, Mn, Co, Ni and Zn deviations were on average þ7%, and Cu was on average lower by 30%. Results for Cu are therefore given for low-resolution analyses. In keeping with Aulbach & Viljoen (2015) , we used Ba, which is strongly enriched in kimberlite compared with olivine and pyroxenes (Table 2), to identify any host magma contamination. Additional detailed information on data reduction and quality control is given in Supplementary Data Electronic Appendix 1; supplementary data are available for downloading at http:// www.petrology.oxfordjournals.org. The full dataset is given in the Supplementary Data Appendices, whereas Table 2 reflects only contamination-free data, which are described below and used in the calculation of apparent distribution coefficients and plotted in the figures.
Isotope dilution ICP-MS
Despite their general freshness, clean cpx separates for isotope analyses could be obtained for only four samples, owing to the small grain size and low modal abundances. The separates were leached for 30 min in 6M HCl and rinsed three times in MQ H 2 O prior to dissolution in a mixture of twice-distilled HF and HNO 3 . Radiogenic isotope data were acquired in Frankfurt following established sample preparation and analytical routines (Lazarov et al., 2009; Luchs et al., 2013) . After addition of a mixed Sm-Nd spike, cpx separates were digested and purified using a three-step column chromatographic approach. This was followed by measurement of Sr-Sm-Nd isotope ratios by multi-collector ICP-MS (Thermo-Finnigan Neptune) using a glass spray chamber. Full procedural blanks are 0Á4 ppb Sr, 0Á01 ppb Sm and 0Á02 ppb Nd. No blank correction was applied. The pure Sr standard solution NBS987 and $50 mg of the basaltic reference material BIR-1 gave 87 Sr/ 86 Sr of 0Á710223 6 0Á000038 (2r, n ¼ 8) and of 0Á703175 6 0Á000080 (2r, n ¼ 2), respectively (GeoReM preferred values for BIR-1 are 0Á703108-0Á70313; Jochum et al., 2005 Nd of 0Á511692 (60Á000023; n ¼ 3) and BIR-1 gave 0Á513086 6 0Á000018 (n ¼ 2) (GeoReM preferred values are 0Á51305-0Á51313).
RESULTS

Petrography
Plane-polarized light images are shown in Figs 2 and 3. Based on the primary mineral assemblage identified in thick section (i.e. not considering texturally unequilibrated, late-added phlogopite), the samples are classified as lherzolites (olivine, opx, cpx 6 spinel), harzburgites (olivine, opx 6 spinel), dunites (olivine 6 spinel) and wehrlites (olivine, cpx 6 spinel), and phlogopite-bearing varieties thereof (described hereafter with the prefix 'phl-'). Where the former existence of pyroxenes, now present as cryptocrystalline pseudomorphs with well-defined grain boundaries (Fig. 3e) , is suspected, which is the case for five samples, they are grouped as peridotites or phl-peridotites. Wehrlites contain seemingly texturally equilibrated (indicated by 120 grain boundaries), but irregularly distributed cpx and phlogopite (Fig. 2d) . Many samples are highly fractured and partially altered, especially where veins-presumably filled with kimberlite material-pervade the sample. Most are medium-to coarse-porphyroclastic rocks with weak foliation defined by shape-preferred orientation of olivine.
Olivine is the dominant phase in all samples, sometimes defining a foliation. Multiple sizes and shapes can be present (e.g. 476415d; Fig. 3a ), including larger porphyroclasts (3-7 mm) with bent extinction lamellae that have an anhedral shape or undulose extinction, euhedral medium-sized grains (0Á5-0Á8 mm) extinguishing homogeneously and small euhedral equant grains (0Á1-0Á2 mm) occurring at the boundaries of large olivine grains, pointing to post-deformation growth.
When present, opx is a subordinate phase with euhedral to subhedral shape, sometimes showing lobate grain boundaries with cpx or olivine (e.g. 476415a; Fig. 3b ). Porphyroclasts up to 5 mm are occasionally observed (e.g. 476415o). It may be distributed heterogeneously, occurring in strings of grains (e.g. 476407a; Fig. 3c ). Exsolution of cpx 6 ?spinel is observed in some grain cores (Fig. 2a, inset) .
Clinopyroxene grains are generally smaller than olivine ($1-3 mm) and frequently anhedral, but also occur as subhedral, smaller grains and as rims on opx and olivine (e.g. 476424q; Fig. 3d ). They show a strong green colour and occur either as discrete grains or in clusters, or are intergrown with phlogopite ( Fig. 2c) . In some samples, a microcrystalline green mass fills out well-defined subhedral grain shapes interpreted as former pyroxene (e.g. 476424u; Fig. 3e ).
Phlogopite is a frequent minor phase and generally appears to be in textural equilibrium with the other minerals. Grains are subhedral to anhedral and may be intergrown with spinel or cpx (Fig. 2c) . They sometimes show shape-preferred orientation, indicative of deformation during or subsequent to their precipitation. Occasionally, large clusters of phlogopite are present (e.g. 476407a; Fig. 3c ). In some samples, phlogopite occurs as a texturally late, anhedral phase associated with veining related to kimberlite infiltration, and can show weak to marked pleochroism.
Spinel (chromite) is often, but not exclusively associated with phlogopite or cpx and may also occur as ovoid inclusions in olivine. In some xenoliths, discrete, roundish spinel grains and inclusions are distributed throughout. A third type of anhedral, small spinel grains is probably associated with melt infiltration.
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In addition, small irregular sulphide grains are ubiquitous in the otherwise cryptocrystalline grain boundary component. Their composition was not analaysed. Roundish aggregates with relatively well-defined boundaries and consisting of abundant spinel plus a felty mass of, presumably, altered pyroxene appear to replace former garnet grains, as observed in three lherzolites and a harzburgite (476407a, 476415a, 476415h1, 476424b; Fig. 3f ).
Major and trace elements
Median major and trace element analyses for minerals grouped by lithology are given in Table 2 ; the full dataset without statistical evaluation is given in Supplementary Data Electronic Appendices 3 and 4, whereas Appendices 5-8 show trace element abundances with instrumental standard deviations reflecting counting statistics, and standard deviations for multiple measurements per grain (n ¼ 3 when grain size permitted) and for multiple grains per sample, allowing assessment of intra-grain and inter-grain homogeneity.
Olivine
Olivine in lherzolites has Mg# [100Mg/(Mg þ Fe total ) molar] and NiO contents ranging from 88Á1 to 91Á3 and 0Á34 to 0Á38 wt %, respectively (Fig. 4a) . Olivine in phlwehrlites has indistinguishable Mg# (88Á7-91Á9), with NiO contents ranging to lower values (0Á30-0Á37 wt %).
Olivine in wehrlites is characterized by a conspicuous offset to higher MnO at a given Mg# compared with olivine in lherzolites (Fig. 4b) , and also has lower median Na (20 vs 52 ppm), Al (3Á5 vs 32 ppm), P (13 vs 43 ppm), Ca (84 vs 145 ppm), Cr (28 vs 129 ppm), V (1Á4 vs 4Á6 ppm) and Cu contents (0Á2 vs 1Á1 ppm), whereas Li, Sc, Mo and In contents are higher (Table 2 and Fig. 4 ). It should be noted that some of the Al concentrations are below the average LOQ of 7Á70 ppm. Olivine in three of four phl-lherzolites (476415a, 476415o, 476415r) is characterized by low Mg# (87Á5-88Á3), NiO contents (0Á29-0Á33 wt %) and MnO contents (0Á14-0Á27 wt %) compared with those in the phlogopite-free variety (median 91Á3, 0Á38 wt % and 0Á13 wt %), but otherwise has similar trace element contents. A fourth sample (476424q) has lower Cu, Na, P and V and higher Li contents than lherzolitic olivine, more akin to wehrlitic olivine. Much larger Cu variations are observed for olivine in the two lherzolite groups than in other peridotite types.
With the exception of one sample, which has an elevated MnO content for its Mg#, olivine in dunites is indistinguishable from that in lherzolites with respect to major elements, V and Sc contents, but it plots with phlwehrlites in terms of other trace elements (Na, Al, Cu, Mo). Olivine in phl-dunite and -harzburgite has the lowest Mg# (85Á7 and 87Á1, respectively) and NiO contents (0Á27 and 0Á32 wt %, respectively) (Fig. 4a) . Olivine in The texturally equilibrated appearance of phlogopite and cpx in (d) should be noted. In (a) the inset shows enlarged opx with exsolution lamellae. In (c) the outlines of suggested former grains of garnet, now filled with spinel plus a felty mass of presumably former pyroxene, are highlighted with dotted lines. Clinopyroxene generally has a minty green colour, whereas a mossy green colour is exhibited by microcrystalline alteration patches. Scale bar represents 5 mm. alt, alteration; gt, garnet; cpx, clinopyroxene; kimb, kimberlite; ol, olivine; opx, orthopyroxene; ph, phlogopite.
phl-dunite, -harzburgite and -lherzolite has low MnO at a given Mg#, but P, Cu, Na and Al abundances similar to phlogopite-free counterparts. Olivine in the phlogopite-free wehrlite (476414d) is similar to both phl-wehrlites and phl-lherzolites, and it is possible that phlogopite and/or opx are absent as a result of sectioning effects. Both phlogopite-free and phl-peridotites with possible altered pyroxenes have olivine with high MnO contents at a given Mg#, which characterizes the wehrlite suite. Overall, the entire sample suite shows a weak positive correlation between Mg# and NiO, and a negative correlation with MnO ( Fig. 4a and b) .
Orthopyroxene (opx)
Lherzolitic opx has Mg# from 90Á6 to 93Á4, TiO 2 from 0Á04 to 0Á1 wt %, Al 2 O 3 from 0Á84 to 1Á2 wt %, Cr 2 O 3 from 0Á34 to 0Á93 wt % and CaO from 0Á32 to 0Á68 wt %. As for coexisting olivine, opx in three of four phl-lherzolites has homogeneously lower Mg# (89Á5-89Á7), and two of these have the highest TiO 2 contents in the sample set (0Á12 and 0Á13 wt %) (Fig. 5a ). They also have some of the highest Na 2 O, Al 2 O 3 and Mn contents ( Fig. 5b-d) . Like the olivine it coexists with, opx in a single phlharzburgite has low Mg# (88Á8) and is otherwise similar to that in three of the phl-lherzolites. In contrast, opx in phl-lherzolite 476424a is similar to that in the phlogopite-free lherzolites. For the entire suite, Mg# in opx correlates negatively with TiO 2 , Mn ( Fig. 5a and d) , Zn and Ga (not shown).
Clinopyroxene (cpx)
Clinopyroxene in lherzolites has Mg# from 89Á8 to 93Á6, which is negatively correlated with TiO 2 , which ranges from 0Á02 to 0Á66 wt % (Fig. 6a) . As is true for coexisting olivine and opx, cpx in three of the phl-lherzolites has some of the lowest Mg# and highest TiO 2 contents in the sample suite, whereas cpx in the other two phllherzolites has high Mg# and low TiO 2 , more similar to that in phlogopite-free lherzolites. Clinopyroxene in phlwehrlites has higher median Mg# than lherzolitic cpx (92Á2 vs 91Á8), but lower and less variable TiO 2 contents ranging from 0Á07 to 0Á14 wt %. Clinopyroxene in phl-wehrlites is characterized by highly variable CaO/Al 2 O 3 (31-114), whereas this ratio is lower and varies less (from nine to 14) in lherzolitic cpx (Fig. 6b) , reflecting compositions from nearly pure diopside to a small jadeite component Bernstein et al., 1998) . In (b) the offset to higher MnO content at a given Mg# in cpx from phl-wehrlites and pyroxene-free peridotites compared with lherzolites and dunites should be noted. Two dashed lines in (e) represent the median temperatures calculated for lherzolites and phl-wehrlites, respectively, which have been inverted for depth, as given. In (f) the more strongly increasing Al contents at a given Ca content in lherzolitic compared with wehrlitic cpx should be noted. Also shown in (c), (d) and (f) are average standard deviations for multiple analyses per sample (bars next to panel labels), and in (f) the average limit of quantification (LOQ; vertical and horizontal dotted lines), with most wehrlites having Al abundances below the LOQ but above the LOD (limit of detection; dotted line).
(up to 7%) with very little Tschermaks (up to 2%). MnO in wehrlite does not show the marked offset to higher values at a given Mg# exhibited by olivine.
Wehrlitic cpx shows an anti-correlation of Mg# with Cd and In (Fig. 6c and d) and, compared with lherzolitic cpx, is characterized by lower median Na 2 O (1Á2 vs 1Á5 wt %), Al 2 O 3 (0Á3 vs 1Á8 wt %), Cu (0Á9 vs 1Á9 ppm) and Ga (2Á5 vs 3Á8 ppm) abundances, but higher median Li (1Á7 vs 1Á3 ppm), Sc (176 vs 31 ppm), Zn (17 vs 13 ppm), Sr (263 vs 176 ppm), Y (7Á1 vs 3Á7 ppm), Zr (73 vs 51 ppm), Nb (0Á64 vs 0Á29 ppm), Mo (0Á09 vs 0Á04 ppm), Cd (0Á66 vs 0Á29 ppm), In (0Á31 vs 0Á04 ppm), Ba (1Á0 vs 0Á5 ppm) and total rare earth element (REE) contents (58 vs 37 ppm). With regard to these trace elements, cpx in phl-lherzolites is more similar to that in lherzolites than to that in phl-wehrlites. Although the REE patterns of lherzolitic and phl-wehrlitic cpx overlap, several of the former have lower REE contents and a few show stronger heavy REE (HREE) depletion with steeper negative slopes in the middle REE (MREE), whereas some of the latter are more strongly REEenriched, with higher Nd/La (Fig. 7) .
Phlogopite
Even though phlogopite in wehrlites compared with dunites and lherzolites does not form consistently different groups, the former has lower median TiO 2 (0Á25 vs 1Á20 wt %) and Al 2 O 3 (10Á7 vs 12Á7 wt %) contents, but higher Li (2Á5 vs 1Á8 ppm), Nb (12Á2 vs 6Á6 ppm), Th (11Á1 vs 0Á02 ppm) and U (0Á49 vs 0Á01 ppm) abundances. Phlogopite in two samples (476415b2o and 476415c) has very low Mg# (86Á9 and 87Á5) and is conspicuously enriched in TiO 2 , Li, Sr and Zr (Fig. 8) , with low Ba and Th abundances.
Spinel
Spinel was analysed in six of the samples, five of which are opx-bearing and two of which are phlogopitebearing. It is Cr 2 O 3 -rich (chromite) has Mg# ranging from 36Á3 to 53Á9, Cr# from 73Á2 to 90Á4 and Fe 3þ #
[molar Fe 3þ /(Fe 3þ þ Fe 2þ )], determined from stoichiometry after Droop (1987) , from 26Á6 to 39Á9. The highest value of each is recorded for the single dunite (476415i). Trace elements were not determined. Nd is lower than in both reservoirs (0Á1967 and 0Á2135, respectively; Blichert-Toft & Puchtel, 2010), leading to future model ages with respect to a chondritic mantle evolution and c. 1 Ga ages for a Depleted Mantle model (1Á04 6 0Á27 Ga, 2r).
Radiogenic isotopes
GEOTHERMOBAROMETRY
Pressure-temperature estimates are given in Table 1 . Following recommendations by Nimis & Grü tter (2010), temperatures for assemblages bearing two pyroxenes are estimated using the formulation of Taylor (1998; T TA98 ) and checked for equilibrium with the Ca-inorthopyroxene thermometer of Nimis & Grü tter (T NG10 ). We calculate temperatures at a pre-set pressure of 4 GPa, which corresponds to the middle of the pressure interval obtained from iterative solutions described below. With the exception of two samples showing a difference of $300 C for the two thermometers (476415b2a and 476415e), pyroxenes in the lherzolites appear to be in equilibrium, giving median T TA98 and T NG09 of 944 and 935 C, respectively, similar to phllherzolites with 922 and 932 C, respectively. Temperatures for clinopyroxene-free samples can be calculated using a variety of empirically formulated olivine thermometers based on Al, Cr and V, the concentrations of which appear to be independent of the concentrations in coexisting peridotite minerals (De Hoog et al., 2010; Smith, 2013) . Although calibrated for garnet peridotites, Al-in-olivine (T Al-ol ) temperatures calculated for spinel peridotites generally show good agreement with pyroxene-based temperatures (De Hoog et al., 2010) . At 4 GPa, median T Al-ol for lherzolites and phl-lherzolites is 1012 and 989 C, respectively, somewhat higher than pyroxene-based temperatures, but 795 C for phl-wehrlites, 804 C for dunites and 747 C for peridotites inferred to contain altered pyroxene. It should be noted that Al abundances in the lowtemperature samples are in many cases below the LOQ, but mostly above the LOD (limit of detection). In the absence of garnet, there is no suitable geobarometer to obtain independent pressure estimates for the samples investigated here. Data for garnet lherzolites from the same kimberlite localities were obtained previously, using conventional ion exchange thermobarometry, and yielded temperatures of $900-1150 C at pressures of $3Á5-6Á5 GPa (Nielsen et al., 2008) . The geothermal gradient obtained for that suite is equivalent to an $42-44 mW m -2 surface heat flow (Nielsen et al., 2008) . To co-locate the samples in the present study in the lithosphere column, T Al-ol was solved iteratively with a geothermal gradient of 42 mW m -2 , which assumes that the samples have equilibrated to the geotherm and that temperatures are not Fig. 5 caption) , illustrating the distinct abundances and slopes, in particular in the MREE-HREE, for these two lithologies. Chondrite normalization after Sun & McDonough (1989). related to temperature excursions (e.g. high temperature compared with the ambient geotherm owing to transient heating). The resultant temperatures are somewhat higher than those calculated at 4 GPa, with correspondingly higher pressure estimates, for lherzolites (1036 C and 4Á5 GPa) and phl-lherzolites (1001 C and 4Á2 GPa), but lower for phl-wehrlites (753 C and 3Á0 GPa), dunites (761 C and 3Á0 GPa) and pyroxene-free peridotites (702 C and 2Á8 GPa), thus confirming their relative positions in the lithosphere, as inferred from calculations at a preset pressure.
TRACE ELEMENT PARTITIONING AND ASSESSMENT OF EQUILIBRIUM
To assess compositional equilibrium between the minerals, we calculate apparent distribution coefficients Mineral 1/Mineral 2 D Element for different mineral pairs (Table 4) . The pairs are grouped according to lithology to account for compositional effects and also temperature effects related to the lower average temperatures of last equilibration recorded in wehrlites and peridotites compared with lherzolites and harzburgites (see previous section). Results for selected elements are visualized in Supplementary Data Electronic Appendix 9. It is particularly interesting to test whether cpx and phlogopite, which show evidence for textural equilibration but are frequently added during modal metasomatism Pearson & Wittig, 2014) , are in trace element equilibrium with olivine and opx, which may represent the original residual assemblage after partial melt extraction.
Lherzolites represent the only two-pyroxene-bearing lithologies in the sample suite. depends principally on cpx composition, and Ca-in-opx thermometry, which relies solely on opx composition (Nimis & Grü tter, 2010) . Other than the aforementioned two samples, only a single phl-lherzolite (476415r) shows a deviation of $80 C. The apparent equilibrium for divalent and trivalent elements, but higher deviation for the distribution of tetravalent elements between the two pyroxenes in phlogopite-bearing vs phlogopite-free 
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Ratios for D obtained for different lithologies (italics) are calculated to illustrate differences, which may be due to composition, temperature, oxygen fugacity for redox-sensitive elements and/or disequilibrium. Abbreviations as in Table 2. lherzolites may relate to slower diffusivities for trivalent ions (Cherniak & Liang, 2012) during modal metasomatism, evident in phlogopite addition. With respect to trace element distribution between olivine and cpx, trace elements partition more strongly into cpx, with the exception of Li, Mn, Co, Ni and Zn, which prefer olivine over cpx, and Cu and Mo, which behave more or less indifferently. Calculated olivine/ cpx D Element values vary by less than a factor of two for lherzolites (n ¼ 9) and phl-lherzolites (n ¼ 4), including Ti, whereas much lower median D values are observed for Sc, Ti, V, Cr, Cu and the MREE in phl-wehrlites (n ¼ 9) compared with lherzolites. Although this could reflect compositional disequilibrium between olivine and cpx in the phl-wehrlites, a straightforward interpretation of these differences is hampered by the temperature-dependent partitioning of some incompatible elements into olivine (De Hoog et al., 2010) and by potential bulk compositional effects.
Compared with phlogopite, olivine has higher abundances of Li, Mn, Co, Ni, Cu, Zn and Mo. As is true for olivine-cpx pairs, differences between median olivine/phlogopite D Element for phl-wehrlites (n ¼ 7)
and phl-lherzolites (n ¼ 3) for Cu, Ga and the MREE may relate to temperature and/or composition. Distribution coefficients for pyroxene-free phl-peridotites (n ¼ 3), which equilibrated at similarly low temperatures to the phl-wehrlites (see previous section), are more similar to D values determined for phl-wehrlites than for phllherzolites.
DISCUSSION
Mantle stratification beneath SW Greenland: link to mid-lithospheric discontinuity
The mantle beneath the eastern and northwestern GNAC (NW-GNAC) (Fig. 1) is more olivine-rich and opxpoor than that beneath most cratons and has consequently been suggested to more accurately represent the pre-metasomatic melt depletion history of Archaean lithosphere (Bernstein et al., 2006; Wittig et al., 2008) . It has been previously recognized, based on platinum group element (PGE) and Os isotope systematics, that peridotites from the SW-GNAC are significantly less depleted than those from the NW-GNAC (Wittig et al., 2010) . Indeed, Figs 4 and 5 show that there is very little overlap with respect to olivine and opx Mg# between eastern Greenland and the SW-GNAC. Forsterite content in olivine, as a proxy for melt depletion and refertilization, in cpx-free harzburgites and dunites is similar to that in lherzolites and harzburgites, suggesting that the latter do not record a more refractory host rock with a more intense melt depletion origin. The mantle lithosphere in the NW-GNAC was stratified at 590-550 Ma, with a strongly depleted shallow layer at 90-115 km depth yielding coarse-textured harzburgites and lherzolites, and a less depleted, texturally more variable deeper layer (140-215 km) yielding lherzolites and wehrlites, as reflected in the xenolith population entrained during Neoproterozoic kimberlite and ultramafic lamprophyre magmatism (Sand et al., 2009) . This cratonic mantle architecture is apparently absent beneath the SW-GNAC, where phl-wehrlites were derived from depths of $90-110 km (inverted from iteratively calculated pressures; Table 1 ) and lherzolites from depths of $100-170 km. Thus, this mantle-derived xenolith suite apparently records overall more intense metasomatism in the shallower lithosphere.
Interestingly, the phlogopite-cpx-rich wehrlites occur at depths where mid-lithospheric discontinuities (MLD) with negative velocity gradients are detected, which have been ascribed to the accumulation of seismically slow hydrous minerals and pyroxenes (Rader et al., 2015; Selway et al., 2015; Aulbach et al., 2017) . For example, 5-10% phlogopite over a depth interval of 10-20 km could produce the typically measured velocity reductions of 2-7% (Rader et al., 2015) . This modal amount of phlogopite is present in the wehrlites investigated here (e.g. Fig. 2d ; Supplementary Data Electronic Appendix 10). These samples additionally occur over a seemingly narrow depth interval, which suggests that the lithospheric mantle beneath the SW-GNAC should show a seismic velocity reduction at $100 km depth, provided that this metasomatism is craton-wide and not restricted to kimberlite pathways. Such a negative phase does appear at $100-120 km depth and has been interpreted as the base of the lithosphere (Kumar et al., 2005) , but was reinterpreted as an MLD in a later study (Rader et al., 2015) . This reinterpretation is justified by other work (Nielsen et al., 2008 ; this study, Table 1) showing that some xenoliths equilibrated at pressures of up to 5Á5 GPa, corresponding to $170 km depth, which defines the minimum depth to the lithosphereasthenosphere boundary.
If the lithospheric mantle beneath the SW-GNAC had a similar compositional make-up to its NW counterpart 590-550 myr ago, the different lithologies recorded in our sample suite, with strongly metasomatized rather than depleted peridotites at shallow depth, indicate that the intense metasomatic overprint recorded in our sample suite is relatively young, possibly related to early Mesozoic rifting (Tappe et al., 2012 , and references therein). Thus, it appears that some 40 km of mantle lithosphere were converted to asthenosphere, similar to the lithosphere loss in the Kaapvaal craton that preceded intensive Cretaceous kimberlite magmatism (Kobussen et al., 2008; Mather et al., 2011) . This is supported by textural evidence for recent mineralogical changes in the peridotite xenoliths studied here, as will be discussed below, and by a progressive shallowing of magma sources during breakup of the North Atlantic craton (Tappe et al., 2008) . If phlogopite addition at 90-110 km depth shortly prior to kimberlite magma emplacement at c. 150 Ma is responsible for generating the seismic discontinuity observed by Kumar et al. (2005) , this indicates that, at least in the case of the SW-GNAC, the cratonic MLD is related to relatively young metasomatism and is not a vestige of anisotropy generated during craton construction (see Rader et al., 2015; Selway et al., 2015; Aulbach et al., 2017) .
Garnet destabilization during Mesozoic rifting and lithosphere thinning
Mg# in cpx shows a marked anti-correlation with TiO 2 in our sample suite. The two most refractory samples (Mg# 93Á5 and 93Á6) have cpx with low Ti ( 320 ppm) and Yb contents ( 0Á16 ppm). Such low concentrations cannot be attained by melt extraction from spinel peridotite without prior exhaustion of cpx, which occurs at 27% of peritectic melting of a fertile spinel peridotite with 620 ppm Ti and 0Á5 ppm Y [modelling of McCoy-West et al. (2015) ]. This apparent conflict may be reconciled if these garnet-free samples are not true spinel-facies peridotites, but rather peridotites that were originally in equilibrium with garnet. If the pressure-temperature calculations are accurate, all lherzolites and harzburgites and some phl-wehrlites and dunites recording pressures >3 GPa should be in the garnet stability field.
It is possible that garnet originally existed, at least in the higher-pressure lherzolites, but was destabilized as evidenced by symplectitic mineral assemblages (e.g. Godard & Martin, 2000) (Figs 2c and 3f) . Relationships of Sc-Zr and Mn-Al in olivine have been suggested to be indicative of source lithology (De Hoog et al., 2010) . In more recent work (Bussweiler et al., 2017) , Al-V systematics have been used to distinguish the various facies and results indicate that the lherzolites are largely derived from the garnet stability field, whereas the wehrlites are derived from the garnet-spinel stability field (Supplementary Data Electronic Appendix 11).
The former presence of garnet in these symplectites may be reflected in low Al 2 O 3 , Y and HREE in the pyroxenes (owing to initial partitioning into garnet, followed by redistribution into symplectitic mineral assemblages after garnet). Indeed, lherzolitic opx has lower Al 2 O 3 contents than that in the severely depleted garnet-free peridotites from the eastern GNAC and than in the vast majority of spinel peridotites from the Siberian craton (Ionov et al., 2010; Doucet et al., 2012) , although somewhat higher Al 2 O 3 than opx in Siberian garnet peridotites (Fig. 5c) . It is also conspicuous that cpx in several lherzolites has very low MREE and HREE contents, more similar to that in Siberian garnet peridotites (Fig. 7) . Moreover, spinels in the samples have Cr# ranging from 73 to 90 (Supplementary Data Electronic Appendix 4), which is typical for spinels coexisting with garnet (Ziberna et al., 2013) .
The geothermal gradient obtained for a suite of garnet peridotites at the same localities (Pyramidefjeld and Midternaes) is equivalent to an $42-44 mW m -2 surface heat flow (Nielsen et al., 2008) , which is elevated relative to that of undisturbed cratonic lithosphere with gradients corresponding to $35-40 mW m -2 surface heat flow (Grü tter, 2009). A lower geothermal gradient ($38 mW m -2 ) was obtained for mantle xenoliths from the NW-GNAC, which were entrained during 590-550 Ma emplacement of kimberlites and ultramafic lamprophyres (Sand et al., 2009 ). This suggests that substantial heating and related lithosphere thinning, related to incipient breakup of the NAC, occurred in the time interval up to the Jurassic kimberlite emplacement at c. 150 Ma in the southwestern part of the craton (Tappe et al., 2007 (Tappe et al., , 2012 Larsen et al., 2009) . These processes were probably accompanied by decompression owing to rifting, during which garnet was destabilized, as observed in Antarctica and the East African Rift (see Foley et al., 2006; Kaeser et al., 2006) . The observation that cryptocrystalline and fine-grained mineral aggregates have persisted in pseudomorphs and that the pyroxene compositions still reflect the original presence of garnet suggests that garnet destabilization occurred only shortly prior to kimberlite magma eruption, with insufficient time for textural and compositional re-equilibration under upper mantle conditions.
Mineralogical and compositional changes during interaction with an evolving melt
The major and trace element relationships of the major silicate minerals in the mantle xenoliths under investigation reveal distinct composional and mineralogical differences between opx-bearing peridotites (lherzolites, harzburgites) and orthopyroxene-free peridotites (wehrlites, peridotites with inferred altered pyroxene), suggesting sampling of at least two distinct mantle regions with different metasomatic histories (Figs 4, 6 and 9). To aid in the identification of metasomatic agents, basaltic, silicocarbonatitic and carbonatitic melts in equilibrium with cpx were calculated using published distribution coefficients from Green et al. (2000) , Girnis et al. (2013) and Dasgupta et al. (2009) , respectively, and are compared with natural counterparts following the approach outlined by Aulbach et al. (2013) .
Dunites, harzburgites and lherzolites: products of interaction with hydrous silicate melt
Lherzolitic cpx has an Mg# showing a marked anticorrelation with TiO 2 , which could result either from melt depletion or from refertilization. The very low Mg#, in particular in the phlogopite-bearing variety, is inconsistent with melt extraction and rather suggests refertilization. Using Mg# as a proxy for the enrichment of lherzolites, it appears that FeO, Mn, TiO 2 , and potentially Na 2 O, V, Ga and Zn were added, whereas CaO and SiO 2 were diluted; Sr, Y, the REE or HFSE do not vary with Mg#. This may be due to additional cryptic metasomatic episodes, which disturbed the expected relationships between incompatible and major elements (Figs 4-6) . The trend to very low Mg# in dunites indicates that these samples are pyroxene-free owing to reactive interaction with a silica-undersaturated melt and olivine crystallization (Pearson & Wittig, 2014) rather than owing to melt extraction, as also observed in the Kaapvaal cration (Rehfeldt et al., 2008) . The offset to lower Na, Al and Ca in olivine may reflect the attendant loss of pyroxenes, which no longer buffer the concentrations of these elements. In summary, the major and minor element relationshps in lherzolitic and dunitic olivine and opx (Figs 4 and 5) suggest metasomatism by silicate melts, which can efficiently mobilize TiO 2 (as opposed to carbonated melts or hydrous fluids; Coltorti et al., 1999; Kessel et al., 2005) . The effects of this metasomatism include an increase in incompatible major and minor oxides (TiO 2 , MnO, FeO) and dilution of compatible oxides (MgO, NiO) and are initially 'stealthy' (addition of cpx to a cpx-bearing assemblage), but are patent in the advanced stages (addition of phlogopite) . Conspicuously, olivine in phlogopite-bearing varieties shows an offset to lower MnO at a given Mg# compared with phlogopite-free lherzolites, but has similar Na, P, Al and Ca contents. As the presence of phlogopite is reflected in the distinct compositions of olivine and the pyroxenes, these minerals are in compositional equilibrium in addition to textural equilibrium, and phlogopite therefore is not related to late addition from kimberlite during transport to the surface. The distinct MnO at a given Mg# in olivine from phlogopite-bearing lherzolites and dunites argues against a continuum in metasomatic intensity from phlogopite-free to phlogopite-bearing varieties. Instead, it may reflect the distinct composition of the metasomatic agent.
As the median temperatures of last equilibration recorded for phlogopite-bearing lherzolites and harzburgites ($1000 C; Table 1 ) and for phlogopite-free lherzolites (1040 C) are fairly low, the most likely metasomatic agents would be hydrous fluids or volatile-rich melts, which are stable to lower temperatures during percolation of a peridotite matrix than volatile-poor melts (Dasgupta, 2013; Green et al., 2014) . Containing only $5 wt % FeO, natural carbonatites are not efficient media with which to explain the decreasing Mg# in olivine (8Á6 wt % for lherzolites and 11Á3 wt % for phlogopite lherzolites). We consider a small-volume, hydrous silicate melt the most likely metasomatic agent to explain the compositional relationships in the lherzolites (concomitant enrichment in FeO, MnO and TiO 2 ). In this case, the marked depletion in Y and the HREE in the Fig. 9 . Trace element abundances (ppm) and ratios in cpx as a function of CaO/Al 2 O 3 , illustrating the effect of metasomatism on wehrlitic cpx, which formed in originally highly depleted peridotite. Ce/Yb is a measure not only of metasomatic enrichment, but also of variable equilibriation with garnet, where high Ce/Yb reflects metasomatism and/or equilibrium with garnet, whereas low Ce/Yb reflects depletion and/or cpx formed or added after garnet breakdown (see text for details).
hypothetical basanite melts in equilibrium with cpx compared with natural basanites (Supplementary Data Electronic Appendix 12) may be an artefact of postaddition subsolidus re-equilibration of cpx with garnet (prior to its destabilization). If so, the concentrations of calculated melts in equilibrium with cpx will be inaccurate for the elements so affected. Inter-element fractionation could also result from percolative flow and associated chromatographic effects (Navon et al., 1996) rather than sub-solidus re-equilibration. It is not possible to constrain whether this melt had a sublithospheric origin or formed by partial melting of refertilized, deep lithospheric mantle. Variable contributions from phlogopite-and carbonate-bearing metasomes may explain the compositional differences between phlogopite-bearing and phlogopite-free lherzolites, harzburgites and dunites.
Wehrlites and pyroxene-free peridotites: products of interaction with strongly silica-undersaturated melt
Wehrlites represent a visibly metasomatized nonprimitive peridotite assemblage that has been affected by opx loss and addition of phlogopite, cpx 6 olivine and spinel by interaction with a silica-undersaturated melt (Kelemen et al., 1997; Shaw et al., 1998) . Given that they occur at a shallower depth (90-110 km) than the lherzolites and harzburgites (100-170 km), they were probably initially more refractory. This is plausible given that larger melting intervals (to lower pressures) can be realized during cratonic lithosphere formation, and that highly depleted coarse harzburgites were entrained at similar depths in the NW-GNAC at 590-540 Ma (Sand et al., 2009) .
Abundances of Ca in olivine are variable, but overall low, which may be due to equilibration at lower temperatures. Nevertheless, Ca-rich metasomatism may be reflected in high Ca/Al in wehrlitic olivine, accompanied by high MnO, Li, Zn, Mo, Cd and In, and low P, Al and Cu (Fig. 4; Supplementary Data Electronic Appendix 13) . Olivine in pyroxene-free peridotites, both phlogopite-bearing and phlogopite-free, has compositional characteristics very similar to olivine in wehrlites, suggesting interaction with a similar, or even the same, metasomatic agent. The observation that these samples contain patches with well-defined grain boundaries now filled with a cryptocrystalline alteration product (Fig. 3f) suggests that this metasomatism occurred relatively recently, after the last-presumably fluid-or meltinduced-recrystallization. They may represent a less advanced metasomatic product (post-alteration of pyroxenes, but prior to precipitation of secondary cpx and phlogopite) of the same metasomatic agent that affected the phl-wehrlites.
Wehrlitization has been ascribed to interaction with carbonated melts (Yaxley et al., 1991 (Yaxley et al., , 1998 or to reactive percolation of underplated silicate melts (Ionov et al., 2005) and was invoked to explain the source composition of nephelinites at 140 Ma in the Labradorian part of the NAC mantle (Tappe et al., 2007) . Yaxley et al. (1991) recognized increased CaO/Al 2 O 3 and low TiO 2 in bulk-rocks, observed here in cpx along with LREE enrichment (Figs 6b and 9a) , as the hallmarks of carbonatite metasomatism. Because the phl-wehrlites last equilibrated at lower temperatures than the lherzolites, the metasomatic agent must have been a volatile-rich, small-volume melt, as also suggested by the addition of phlogopite. Such melts are expected to form from peridotite in the presence of H 2 O and CO 2 (Foley et al., 2009) .
Both Mg-carbonatite and kimberlite have calculated H 2 O contents ($3Á9 and 3Á6 wt %, respectively; Tappe et al., 2017) that can explain the addition of phlogopite, but other compositional features of the phl-wehrlites are more difficult to explain by simple interaction with Mg-carbonatite or kimberlite. For example, median Sc concentrations in wehrlitic cpx are 176 ppm, higher than in natural carbonatites or kimberlites (13 ppm and 21 ppm, respectively, for Tikiusaaq), and higher than in lherzolitic cpx (31 ppm), or the basanites (25 ppm) that are inferred to have metasomatized the lherzolites, as discussed above. It is noteworthy that Sc is abundant in garnet, which may have been destabilized in the deeper opx-bearing lithologies during Mesozoic rifting, as discussed above. If the median pressure estimate for phlwehrlites is accurate (3Á0 GPa), they may be close to the garnet-out boundary, especially in depleted peridotite (Ziberna et al., 2013) .
Element redistribution owing to melt-assisted garnet breakdown and during sulphide saturation Several elements that are compatible in garnet, but less so in cpx (Sc, Y, In, Cd, Y; van Westrenen et al., 1999; Adam & Green, 2006; Mallmann & O'Neill, 2009; Davis et al., 2013) are noticeably enriched in wehrlitic cpx. Garnet breakdown in the deeper lithosphere owing to interaction with relatively hot hydrous silicate melts and partitioning into newly formed cpx in garnet-free peridotites at lower pressure may explain the higher concentrations of these elements in phl-wehrlites compared with lherzolites. This process may be gauged by Y concentrations in lherzolitic cpx, where low concentrations indicate equilibrium with garnet, whereas increasing concentrations would be due to cpx crystallization during and after garnet breakdown. The concentration of Y is not correlated with Mg# in cpx, suggesting that it is not exclusively controlled by melt depletion and refertilization. Instead, increasing concentrations of Sc, Zr, Cd, In and the HREE with Y are explained by liberation of these elements owing to garnet destabilization and their repartitioning into cpx (Fig. 10a-d) .
In contrast to the sympathetic behaviour of Y, Sc, In and Cd, increasing Y concentrations in lherzolitic cpx are accompanied by a decrease in Co, Ni and Cu ( Fig. 10e and f) , which are the constituent metals in lithospheric base metal sulphides (Lorand et al., 2013) . Sulphur may be carried as sulphate in oxidizing melts and precipitated as sulphide along with metasomatic silicates (e.g. cpx) during melt-rock interactions at decreasing melt mass (Lorand et al., 2013) , leading to a depletion of Co, Ni and Cu. Therefore, it seems plausible that the metasomatic melts not only destabilized garnet and added cpx, but also introduced sulphides, which are abundant in the sample suite studied here. This agrees with the observation that the patently metasomatized phl-lherzolites have considerably lower median Cu contents than phlogopite-free lherzolites. Crystallization of secondary sulphide also occurred in peridotites from the NW-GNAC and in the Kaapvaal craton in the context of kimberliterelated hydrous melt metasomatism (Giuliani et al., 2013) .
V-Sc systematics of peridotite minerals: effects of redox, temperature and metasomatic enrichment
The redox sensitivity of V has led to its use as a proxy for oxygen fugacity during mantle melting (Canil 1997 (Canil , 2002 Mallmann & O'Neill, 2009) . Redox effects on V are, however, compounded by the temperature dependence of its partitioning into olivine (Witt-Eickschen & O 'Neill, 2005; De Hoog et al., 2010) . The ratio of V to a geochemically similar homovalent element, such as Sc, has been used to eliminate the effects of the degree of partial melt extraction or fractional crystallization (Lee et al., 2005) , and this may also to a first approximation apply to temperature effects. Bulk V/Sc in the residue would be expected to increase during progressive melt extraction under reducing conditions when V behaves less incompatibly [-2 relative to the fayalite-magnetitequartz oxygen buffer (FMQ); Lee et al., 2005] . Such low f O2 values are typically encountered in cratonic peridotites (Foley, 2011) . Indeed, pre-metasomatic olivine grains in xenoliths from the Kaapvaal and Slave cratons have higher V/Sc than metasomatized ones .
Owing to the strong compatibility of Sc in garnet (e.g. Davis et al., 2013) , this mineral has low V/Sc (e.g. in Siberian garnet peridotites: median of 1Á8; Howarth et al., 2014) compared with bulk primitive mantle with a ratio of 4Á9 (values of McDonough & Sun, 1995) . Thus, progressive garnet breakdown and redistribution into cpx might explain the strong correlation of V/Sc with Sc, which is not evident for V (Supplementary Data Electronic Appendix 14) . This complicates interpretation of V-Sc systematics in cpx in terms of redox effects. In addition, it has been shown that cpx-melt distribution coefficients for V vary several orders of magnitude less than in olivine as a function of f O2 (Mallmann & O'Neill, 2009 ). Thus, we focus here on the V-Sc systematics of olivine to make inferences on redox conditions during the metasomatic enrichment of the lithosphere beneath the SW-GNAC.
In the opx-bearing assemblages and dunites, both V and Sc in olivine show an anti-correlation with Mg# as a proxy for degree of melt depletion and refertilization (Fig. 11) , but V/Sc does not covary with Mg#, and V and Sc are not correlated with each other. It is notable that in olivine from lherzolites and phl-lherzolites V concentrations vary more strongly (4Á2-fold) than Sc concentrations (1Á4-fold). The four samples with the highest V (5Á5-9 ppm) and V/Sc (6Á7-7Á7) are markedly offset towards high Cu contents (Supplementary Data Electronic Appendix 13), suggesting lack of equilibration with sulphide, which crystallized during an advanced stage of metasomatism (see the previous section). The distinctly high V/Sc of olivine in the three lherzolites with Mg# >91, which is similar to that of olivine from some Kaapvaal and Slave peridotites , is thus interpreted as reflecting original melt depletion under reducing conditions when V is less incompatible in olivine (Mallmann & O'Neill, 2009) . Because the lithospheric mantle becomes more reducing with depth (Woodland & Koch, 2003; Foley, 2011) , high V and V/Sc in these lherzolites may reflect a combination of higher pressure of equilibration (hence more reducing conditions) and little interaction with oxidizing melts during mantle metasomatism (Woodland et al., 1996; Yaxley et al., 2012) . Apparently increased partitioning of V into olivine at high temperature (De Hoog et al., 2010) , as suggested by the weak positive correlation of V and V/ Sc with iterative T Al-ol (Fig. 11) , may thus reflect more reducing conditions along a cratonic geotherm rather than increased partitioning of V into olivine at high temperatures. Olivine in some phl-lherzolites with lower Mg# has similarly high V concentrations (5Á4-6 ppm) but higher Sc concentrations, translating into lower V/ Sc (3Á6-4Á3) for these samples. This combination possibly indicates metasomatism under reducing conditions. Olivine in the remaining lherzolites and in dunites has both lower V and higher Sc concentrations, hence lower V/Sc, which may reflect more oxidative metasomatism (Fig. 11) .
The low V and V/Sc of olivine in phl-wehrlites and in pyroxene-free peridotites are similar to those reported for strongly metasomatized peridotites from the Kaapvaal craton . It is plausible that the metasomatic melt became more oxidizing as it percolated upwards owing to sulphide precipitation (as inferred from low Cu contents, discussed above), and preferred incorporation of Fe 2þ into precipitating and reacting minerals, whereas Fe 3þ is more incompatible (Canil et al., 1994) . Because carbonates were not deposited, any CO 2 component carried by the melt would have been relatively concentrated, further increasing the oxidizing potential of the melt. Under such oxidizing conditions, V would be expected to be more incompatible (Mallmann & O'Neill, 2009) , explaining low concentrations in wehrlitic minerals, although a temperature effect cannot be firmly excluded. These considerations illustrate that a straightforward interpretation of olivine V-Sc systematics is complicated and caution is required when using them as redox proxies.
Timing of metasomatism, and relationship to alkaline ultramafic melts in cratonic Greenland
Chemical and mineralogical evidence suggests that lherzolites and harzburgites residing at greater depths (median $140 km) and opx-free wehrlites residing at shallower depths ($100 km) reflect quasi-contemporaneous metasomatism by a melt that originated as a hydrous silicate melt and became progressively more silica-undersaturated by precipitation of cpx and attendant garnet breakdown. Upward percolation of this melt, which was enriched in highly incompatible elements and those that are typically abundant in garnet, into shallower portions of the lithosphere led to opx dissolution, precipitation of cpx and phlogopite, and incompatible element enrichment. The compositional gap between opx-bearing peridotites and phl-wehrlites, which is accompanied by a difference in temperatures and hence position in the lithosphere column, may reflect a change in melt migration style imposed by temperature and rheology (McKenzie, 1989; Sleep, 2009) . There is textural and mineralogical evidence for the former presence of garnet in some lherzolites and for the former presence of pyroxenes in some peridotites that are otherwise similar to the phl-wehrlites, indicating that recrystallization has not occurred in these rocks since garnet breakdown. In contrast, the apparent compositional and textural equilibrium between olivine and newly introduced cpx suggests qualitatively that the timing of this event was long enough ago to allow compositional equilibration. Relatively homogeneous SrSm-Nd isotopic compositions of cpx separates from a wehrlite and three lherzolites suggest efficient isotopic homogenization.
Whereas the average initial (at $150 Ma) 143 Nd/ 144 Nd for cpx of 0Á51270 (e Nd,i þ5Á1) is identical to that obtained for the nearby c. 160 Ma Tikiusaaq kimberlite dykes (0Á51268), the inital 87 Sr/ 86 Sr of 0Á70375 is distinctly higher than in the kimberlite (0Á70334; Tappe et al., 2012) . This suggests that the mantle lithosphere beneath the SW-GNAC interacted with a metasomatic agent that was isotopically similar but not identical to the host kimberlite. This possibly occurred during an event precursory to kimberlite magmatism and involved a melt leaving an isotopically slightly more evolved source (at higher Rb/Sr), perhaps reflecting a small contribution from phlogopite-bearing assemblages ('metasomes'; Tappe et al., 2007 Tappe et al., , 2008 to the melt, as was argued for the Neoproterozoic Sarfartoq kimberlites straddling the northern GNAC boundary (Tappe et al., 2011a (Tappe et al., , 2012 .
Mesozoic kimberlites with very homogeneous isotopic compositions have been suggested to reflect little contribution from phlogopite-rich metasomes, which had been consumed during earlier ultramafic melt magmatism (Tappe et al., 2011a (Tappe et al., , 2012 . The predominance of modally metasomatized cpx-phlogopite-bearing peridotite xenoliths in this study is not inconsistent with this suggestion, as they occur at relatively shallow levels, above the depth of kimberlite melt generation (>150 km), which is constrained by the presence of diamond and mantle xenoliths with higher equilibration pressures (Wittig et al., , 2010 Sand et al., 2009; Tappe et al., 2011b Tappe et al., , 2012 . Therefore, the metasomatized mantle xenoliths investigated here are interpreted not as sources but as expressions of deep magmatism beneath the SW-GNAC that was precursory to Mesozoic kimberlite emplacement. This is plausible because small-volume melts will initially partially or completely crystallize in the cooler and more viscous cores of the shallow cratonic mantle lithosphere (McKenzie, 1989; Sleep, 2009 ). The enrichment involves zones around magmatic conduits that can extend to higher levels whereas most of the cratonic lithosphere remains unenriched at the same depths . This mantle keel 'conditioning', together with extensional stresses that act during the beginning of continental breakup, may have been instrumental in paving the way for successful subsequent extraction of kimberlite magmas (Wyllie, 1980; Giuliani et al., 2014; Tappe et al., 2017) .
SUMMARY AND CONCLUSIONS
We applied a detailed petrographic and in situ analytical approach to a new suite of fresh kimberlite-borne peridotite xenoliths (n ¼ 42) from the Pyramidefjeld and Midternaes kimberlite sheets in cratonic SW Greenland to unravel the evolution of the underlying mantle lithosphere in the context of available geochemical, geophysical and dynamic constraints. Our main conclusions are as follows.
The mantle beneath Pyramidefjeld and Midternaes
is stratified, with lherzolites, harzburgites and dunites residing at~100-170 km depth. The former presence of garnet is indicated by pyroxene-spinel assemblages occupying former coarse grains. In contrast, phlogopite-bearing, texturally equilibrated wehrlites, which show evidence for recent pyroxene breakdown, occur at~90-110 km depth. This overlaps with negative seismic velocity gradients that have been interpreted as a mid-lithospheric discontinuity beneath western Greenland. 2. Metasomatism by a hydrous silicate melt precursory to c. 150 Ma kimberlite eruption is inferred from continuous trends in the lherzolites, harzburgites and dunites towards lower mineral Mg# at increasing TiO 2 , MnO and Na 2 O and decreasing NiO contents. Elements released during garnet breakdown (Y, Sc, In and the HREE) were redistributed into newly formed clinopyroxene, whereas depletions in Cu, Ni and Co are ascribed to concomitant sulphide saturation. These reactions led to evolution of the metasomatic melt towards a more silica-undersaturated and oxidizing composition at decreasing melt volume. 3. The residual melt percolated upwards and metasomatized the shallower lithosphere, with deposition of phlogopite and formation of cpx at the expense of opx. Cryptic effects are manifested in olivine with higher MnO at a given Mg#, higher Ca/Al, Li, Sc, Mo and In abundances, but lower Cu, Ti, Na, P, Al and V contents compared with olivine in the deeper lherzolites. Low Al and V in part reflect lower equilibration temperatures, which is evident in lower clinopyroxene/ olivine D for incompatible elements in wehrlites compared with lherzolites, whereas low V may additionally reflect higher incompatibility during oxidative metasomatism. 4. We suggest that the small-volume volatile-rich melt metasomatism conditioned the lithosphere for the emplacement of Mesozoic alkaline ultramafic melts across the North Atlantic craton. This was accompanied by the loss of some 40 km of lithospheric mantle and is recorded in the progressive shallowing of magma sources during the breakup of the North Atlantic craton.
